Monophosphoryl lipid A (MPLA) species, including MPL (a trade name of GlaxoSmithKline) and GLA (a trade name of Immune Design, a subsidiary of Merck), are widely used as an adjuvant in vaccines, allergy drugs, and immunotherapy to boost the immune response. Even though MPLA is a derivative of lipopolysaccharide (LPS), a component of the outer membrane of Gram-negative bacteria, bacterial strains producing MPLA have not been found in nature nor engineered. In fact, MPLA generation involves expensive and laborious procedures based on synthetic routes or chemical transformation of precursors isolated from Gram-negative bacteria. Here, we report the engineering of an Escherichia coli strain for in situ production and accumulation of MPLA. Furthermore, we establish a succinct method for purifying MPLA from the engineered E. coli strain. We show that the purified MPLA (named EcML) stimulates the mouse immune system to generate antigen-specific IgG antibodies similarly to commercially available MPLA, but with a dramatically reduced manufacturing time and cost. Our system, employing the first engineered E. coli strain that directly produces the adjuvant EcML, could transform the current standard of industrial MPLA production. A species, isolated from S. minnesota R549 (Qureshi et al., 1982) ( Supplementary Fig. 1b ). Since the resulting MPL has diverse congener compositions including hexa-, penta-, and tetra-MPL ( Fig. 1b and Supplementary Fig. 1a ), it is difficult to control the quality of the product. By contrast, synthetic GLA (Fig. 1c) is homogeneous, but its production requires multiple synthetic steps (Reed and Carter, 2014).
Introduction
Lipid A (Fig. 1a ) is a component of bacterial LPS, and it is a potent ligand for Toll-like receptor 4/myeloid differentiation 2 (TLR4/MD2) (Poltorak et al., 1998) as well as caspase-4, -5, and -11 (Shi et al., 2014; Hagar et al., 2013; Kayagaki et al., 2013) . Lipid A (Fig. 1a) , also known as the toxic component of endotoxin, can trigger excessive immune responses that result in septic shock (Lu et al., 2008) ; however, MPLAsm, which is chemically derived from Salmonella LPS ( Fig. 1b and Supplementary Fig. 1 ), e.g., 3-O-desacyl-4′-monophosphoryl lipid A (MPL), and synthetic hexa-acylated MPLAs (MPLAsyn), e.g., GLA (also called PHAD) ( Fig. 1c) , PHAD-504, etc, have toxicity levels of onlỹ 0.1% of that of LPS, but with comparable immune-stimulating activity (Casella and Mitchell, 2008) . Owing to this property, MPL has been used as an adjuvant in human vaccines, including Cervarix, Fen-drix, Mosquirix, and Shingrix (Reed et al., 2018) , which are marketed by GSK. MPL was also proposed as a potential therapeutic option for Alzheimer's disease (Michaud et al., 2013) . A synthetic hexa-acylated MPLA, GLA (Coler et al., 2011) (Fig. 1c ), showed anticancer activity (Paya CuencaTer Meulen, 2015) and was developed by Immune Design as an orphan drug for follicular non-Hodgkin's lymphoma and soft tissue sarcoma. GLA and MPL have similar modes of action, targeting the TLR4/MD2 signaling pathway (Reed et al., 2016) . MPL is typically prepared via acid/base hydrolysis of a precursor compound, Kdo 2 -lipid Given that MPLA is derived from lipid A, bacteria that could directly produce MPLA would offer tremendous value as a renewable resource along with simplified production steps to reduce production time and cost. Engineering a biosynthetic pathway for MPLA production in E. coli (Fig. 2 , orange-colored box) is conceptually straightforward, but technically challenging, because the native LPS biosynthetic pathway has evolved to transfer Kdo sugars via the kdo transferase KdtA before incorporation of the secondary acyl chains by acyltransferases, i.e., lauroyltransferase (LpxL) and myristoyltransferase (LpxM) (Fig. 2 , green-colored box). In wild-type E. coli cells, Kdo 2 -lipid IV A is first synthesized followed by Kdo 2 -lipid A (Raetz and Whitfield, 2002) , and MPLA is not produced. Therefore, to obtain MPLA, incorporation of the secondary acyl chains must occur in the absence of the Kdo 2 unit (Fig. 2 , orange-colored box). Lipid A 1-phosphate phosphatase LpxE dephosphorylates the 1-phosphate of Kdo 2 -lipid A or Kdo 2 -lipid IV A most efficiently ( Supplementary Fig. 2) (Karbarz et al., 2009) ; however, it is not known whether any LpxE enzymes from Gram-negative bacteria can dephosphorylate lipid A substrates lacking the Kdo 2 sugar unit during outer membrane biogenesis. Moreover, prior to this study, it was thought that production of MPLA would be lethal for E. coli (Wang et al., 2015) since the minimum structure of LPS to support E. coli growth was reported as lipid IV A that contains two phosphate groups (Mamat et al., 2008) . This report describes an unprecedented E. coli strain that is bioengineered to produce MPLA directly without the need for additional hydrolysis and related purification processes.
Material and methods
The strains, plasmids, and primers used in this study are listed in Table 1 and Supplementary Table 1. HPLC-grade chloroform and methanol and reagent-grade hydrochloric acid, sulfuric acid, aqueous ammonia, kanamycin, chloramphenicol, ammonium acetate, ampicillin, and LB broth were purchased from Merck (USA) or Sigma-Aldrich (USA), and Bacto agar was purchased from BD (USA). GLA (catalog no.: tlrl-mpls, lot: MPS-40-02; GLA and PHAD have the same chemical structure) and MPLAsm (catalog no.: tlrl-mpla, lot: MPL-38-02) were purchased from Invivogen (USA). Purified lipid A detoxified (from Salmonella minnesota R595, catalog no.: 699200P, lot: 699200P-1MG-A-031, MPLAsm), PHAD (catalog no.: 699800P, lot: 699800P-1MG-A-029), and PHAD-504 (catalog no.: 699810P, lot: 699810P-1MG-A-010) were obtained from Avanti Polar Lipids (USA). 1,2-dipalmitoyl-sn-glycero-3-phosphocholine was purchased from Sigma-Aldrich (USA, catalog no.: P0763) or Avanti Polar Lipids (USA, catalog no.: 850355). HRP-conjugated goat anti-mouse IgG (catalog no.: 1030-05), IgG1 (catalog no.: 1070-05), or IgG2a (catalog no.: 1080-05) antibodies were purchased from Southern Biotech (USA).
Plasmid construction
All primers were purchased from Macrogen (ROK). All polymerase chain reactions (PCRs) were performed using KOD Hot Start DNA Polymerase (Novagen, USA), PrimeSTAR HS (Takara, ROK), or Pfu polymerase (Elpisbio, ROK) in a T3000 Thermocycler (Biometra) or T100 Thermal Cycler (Bio-Rad). PCR products were purified using the DokDo-Prep PCR purification kit (Elpisbio, ROK) or the QlAquick PCR purification kit (Qiagen, USA). Plasmids were amplified in DH5α (Grant et al., 1990) cells and purified using the GeneJET plasmid Miniprep kit (Thermo Fisher Scientific, USA). The inserted genes in the plasmids constructed in this study were sequenced by Macrogen (ROK).
The lpxE HP (hp0021) gene was synthesized by IDT (USA) with a silent mutation at Ser17 (from AGC to TCG) to remove a HindIII recognition site and amplified with the LpxE HP -5′ and LpxE HP -3′ primer pair. The lpxE AA (aq_1706) gene was amplified using the LpxE AA -5′ and LpxE AA -3′ primer pair with pET21-AaLpxE (Zhao et al., 2019) as the template. The lpxE FN and lpxE RL genes were amplified using Primer pairs: LpxE FN -5′ and LpxE FN -3′ and LpxE RL -5′ and LpxE RL -3′ with pET28b-FnLpxE (Wang et al., 2004) and pLpxE-4 (Karbarz et al., 2009) as templates, respectively. The lpxE genes were inserted individually into pBAD33.1 (Chung and Raetz, 2010) using XbaI and HindIII restriction enzyme recognition sites. To construct the pWSK29-lpxL EC lpxM EC plasmid, two sequential PCRs were performed. First, the lpxL EC and lpxM EC genes were amplified with two primer pairs, LpxL-5′ and LpxL-3′ and LpxM-5′ and LpxM-3′, respectively, and the fragments were then fused to generate the lpxL EC lpxM EC fragment via extended PCR using the LpxL-5′ and LpxM-3′ primers and the PCR products from the first PCR reactions as the template. The resulting lpxL EC lpxM EC fragment was inserted into pWSK29 (Wang and Kushner, 1991) using the XbaI and HindIII restriction enzyme recognition sites. KHSC0003/pBAD33.1, (Fig. 3a and 3b) P1vir generation and P1 transduction were performed following a previously described procedure (Thomason et al., 2007) . The kanamycin-resistance (kan R ) cassette was removed from the W3110 chromosome using pCP20 according to the previously published procedure (Datsenko and Wanner, 2000) .
Construction of
A lpxT::kan knockout mutation was transduced into W3110 via P1vir grown on JW2162 (lpxT::kan) , and the kan R cassette was removed via pCP20. The pagP::kan mutation was transduced into the ΔlpxT W3110 strain with P1vir grown on JW0617, and the kan R cassette was then removed. The resulting strain was named KHSC0001 (ΔlpxT ΔpagP W3110). To construct KHSC0003, pWSK29-lpxL EC lpxM EC was transformed into KHSC0001 and kdtA was then knocked out via P1vir grown on HSC1/pEckdtA (Chung and Raetz, 2010) in the presence of 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG).
The pBAD33.1, pBAD33.1-lpxE AA , and pBAD33.1-lpxE HP plasmids were transformed singly into KHSC0003 via electroporation (Seidman et al., 1997) , and the transformants were selected on LB agar plates containing 1 mM IPTG, 100 μg/mL ampicillin, and 30 μg/mL chloramphenicol. The chromosomal knockouts of lpxT, pagP, and kdtA were confirmed by PCR using the primer pairs lpxT-up/lpxT-down, pagP-up/pagP-down, and kdtA-up/kdtA-down, respectively ( Supplementary Fig. 3b ). Genomic DNA was isolated from KHSC0003/ pBAD33.1-lpxE AA using QIAamp genomic DNA kits (Qiagen, USA). De novo sequencing of KHSC0003/pBAD33.1-lpxE AA genome and analyses for single nucleotide polymorphism (SNP)s and indels in comparison with the published W3110 genome (Genebank accession number AP009048) were done by Macrogen (ROK). The identified SNPs and indels were compared to the sequence of PCR products amplified from W3110 genome used for KHSC0003/pBAD33.1-lpxE AA construction.
Growth conditions of strains and lipid extraction from cell pellets
Growth curve: W3110 and KHSC0001 in LB broth (Miller) (Merck 1.10285.5000) medium, KHSC0001-1 in LB broth medium supplemented with ampicillin (100 μg/mL), KHSC0003 in LB broth medium supplemented with ampicillin (100 μg/mL) and 1 mM IPTG, and KHSC0003/pBAD33.1, KHSC0003/pBAD33.1-lpxE AA , and KHSC0003/ pBAD33.1-lpxE HP in LB broth medium supplemented with ampicillin (100 μg/mL) and chloramphenicol (30 μg/mL), and 1 mM IPTG were grown at 30°C with shaking (180 rpm) for 24 h. Then cultures were diluted (OD 600~0 .05) into 300-500 mL of LB medium with the same supplements. After 12 h of growth, KHSC0003, KHSC0003/pBAD33.1, KHSC0003/pBAD33.1-lpxE AA , and KHSC0003/pBAD33.1-lpxE HP were supplemented with 1 mM IPTG and incubated at 30°C with shaking (180 rpm). Doubling time was calculated using the equation (doubling time = ln2/r where r = (ln OD 2 -ln OD 1 )/(t 2 -t 1 )) based on the growth curve (OD 600 range from~0.2 to 1.2 for each strain). IPTG effect on the growth and the MPLA production of KHSC0003/ pBAD33.1-lpxE AA : The seeding culture was diluted into LB medium in the presence of ampicillin (100 μg/mL) and chloramphenicol (30 μg/ mL) with 0 or 1 mM IPTG. After 12 h of growth, 0 or 1 mM IPTG was added into the culture.
L-arabinose (Ara) effect on the growth and the MPLA production of KHSC0003/pBAD33.1-lpxE AA : The seeding culture was diluted into the LB broth medium containing ampicillin (100 μg/mL), chloramphenicol (30 μg/mL) and 1 mM IPTG in the presence of 0, 0.01, 0.1, or 1 mM arabinose and 1 mM IPTG was added into the culture at 12 h after inoculation.
Lipid extraction: After 22-28 h growth, cells were harvested via centrifugation at 2900 RPM (1,777 g, Hanil s500 4B rotor, Centrifuge COMBI-514R, Hanil Science Industrial Co., Ltd.) for 1 h or centrifugation at 8,000 g for 15 min at 4°C, and the resulting pellets were washed with deionized water or phosphate-buffered saline (PBS). Lipids were extracted from the pellets via the Bligh-Dyer system (Bligh and Dyer, 1959) and analyzed via thin-layer chromatography (TLC) in a solvent system consisting of a chloroform/methanol/water/ammonium hydroxide solution (40:25:4:2 v/v).
Purification and characterization of EcML
The extracted lipids were fractionated via ion-exchange chromatography using a DEAE cellulose column (IonSep DE52 Cellulose Preswollen, Biophoretics) (Raetz et al., 1985) with increasing ammonium acetate concentrations following the procedure described for phosphatidylglycerol phosphate fractionation (Lu et al., 2011) . Fractions containing EcML were converted to a two-phase Bligh-Dyer system by adding appropriate amounts of water and chloroform. The lower organic phase was evaporated under a stream of N 2 (g). EcML was analyzed in comparison with GLA and MPLAsm via TLC. The TLC plates were visualized by spraying 10% (v/v) sulfuric acid (in ethanol) followed by charring on a hot plate at 300°C. The purity of EcML was assessed via the TLC and ESI-MS methods and determined based on TLC images using the ImageJ software (Schneider et al., 2012) . Quantification of EcML was determined by weighing samples using an analytical balance with a precision of 0.1 mg.
MALDI-TOF, ESI-MS, and HPLC analysis of lipids
Total lipids were dissolved in chloroform and methanol at a ratio of 4:1 (v/v). The resuspended lipid samples were loaded on a matrix consisting of 10 mg/mL 2,5-dihydroxybenzoic acid solution (Sigma-Aldrich) and acetonitrile (Sigma-Aldrich) at a ratio of 1:4 and then analyzed using a MALDI-TOF mass spectrometer (Shimadzu Biotech Axima Resonance) at Korea Basic Science Institute. The mass spectra were analyzed via the mMass software (http://www.mmass.org/).
EcML was dissolved in chloroform and methanol at a ratio of 4:1 (v/ v) at a concentration of 1 mg/mL and then diluted with 4:1 (v/v) chloroform:methanol solution at a 1:400 ratio. The sample was analyzed via ESI-MS (TSQ Quantum Ultra EMR) at Korea Basic Science Institute. For the congener analysis, EcML, GLA, MPLAsm, MPLAsyn, and PHAD-504 were derivatized with dinitrobenzyloxyamine (DNBA, Sigma-Aldrich) and analyzed via HPLC chromatography (Prominence, Shimadzu) as described previously (Hagen et al., 1997) .
Mouse immunization
All animal experiments were performed via protocols approved by the Institutional Animal Care and Use Committee (IACUC) of Chuncheon Bioindustry Foundation. Aqueous formulations of EcML, GLA, and MPLAsm were produced following the procedure described by Orr, M. T., et al. (Orr et al., 2013) .
Ovalbumin (OVA, 5 μg/dose) was used as an antigen. Female BALB/ cAnNCri (Orientbio, ROK) mice (7 weeks old) were immunized via two intramuscular injections (0 and 14 days) with PBS alone, OVA (5 μg/ dose) alone, EcML (5 μg/dose) alone, EcML (5 μg/dose) and OVA (5 μg/ dose), GLA (5 μg/dose) and OVA (5 μg/dose), or MPLAsm (5 μg/dose) and OVA (5 μg/dose). Serum samples were collected 14 days after the second immunization. Each test group consisted of seven mice.
Analysis of antigen-specific antibodies
ELISA plates (SPL, ROK) were coated with OVA (Sigma-Aldrich) dissolved in carbonate buffer (BioLegend) overnight at 4°C. The plates were then washed with PBST (0.05% Tween20 in PBS) and blocked with 1% bovine serum albumin dissolved in PBS buffer for 1 h at room temperature (RT). After washing the plates, 100 μL of 2-fold serial dilutions of serum were added to the wells, followed by incubation for 2 h at RT. After washing, the plates were incubated with HRP-conjugated goat anti-mouse IgG, IgG1, or IgG2a antibodies (Southern Biotech) for 2 h at RT. 3,3′,5,5′-tetramethylbenzidine (BioLegend) substrate (100 μL) was added to each well, and the plates were incubated for 10 min at RT. The reaction was terminated via addition of 2 N H 2 SO 4 (50 μL per well). The absorbance values were read at 450 nm and were corrected for optical imperfections in the plates by subtracting absorbance values at 540 nm. Antibody titers were obtained by plotting the maximum serum dilution that gave an optical density > 5 × the background. The first serum dilution was started at 2 7 to analyze the IgG, IgG1, and IgG2a levels; therefore, the lowest titer for antibody was arbitrarily determined as 2 6 .
Table 2
Mutation analyses of KHSC0003/pBAD33.1-lpxE AA genome via de novo sequencing in comparison with the published W3110 genome (Genbank accession number: AP009048) and that of the mother strain W3110 used for the strain construction. Ji, et al. Metabolic Engineering 57 (2020) 193-202 
Statistical analysis
All of the data are presented as mean ± standard deviation (S.D.) for control and experimental samples. The sample size was chosen based on the most commonly used sizes in this area. Significance of differences comparing two groups was analyzed by two tailed unpaired student t-test. Statistical significances were set at p < 0.05; individual P values are indicated in figure legends.
Results and discussion

Metabolic engineering of E. coli for MPLA production
To develop a de novo biosynthetic pathway for MPLA production in E. coli, we engineered the strain according to the scheme shown in Fig. 3a . First, the genes encoding lipid A palmitoyltransferase and lipid A 1-diphosphate synthase (pagP (Bishop et al., 2000) and lpxT (Touze et al., 2008) , respectively) were deleted from the E. coli chromosome to minimize potential side products (Fig. 2, purple-colored box, Fig. 3a ). Second, a lipid A-producing strain was obtained by introducing a plasmid that co-overexpresses LpxL EC and LpxM EC followed by knocking out the gene encoding Kdo transferase (kdtA EC from the E. coli chromosome (Fig. 2, orange-colored box, Fig. 3a ). While we were not able to obtain a colony by P1vir transduction carrying a kdtA::kan cassette into KHSC0001/pWSK29 within 48 h on a LB-agar plate at 30°C, co-overexpression of LpxL EC and LpxM EC effectively suppresses the lethality of kdtA EC knockout, and the strain KHSC0003 survived and supported the efficient production of hexa-acylated lipid A. Thus, the resulting E. coli strain, KHSC0003 transformed with an empty pBAD33.1 vector (Table 1 and Fig. 3a) , generated hexa-acylated lipid A species as one of its primary LPS molecules without the core oligosaccharide, as detected via thin-layer chromatography (TLC) (Fig. 3d,  lane 1) . Finally, to identify the appropriate LpxE enzymes that effectively dephosphorylate lipid A in E. coli, we cloned lpxE genes, including Aquifex aeolicus lpxE AA (locus tag: aq_1706) (Zhao et al., 2019) , Helicobacter pylori lpxE HP (Tran et al., 2006) (locus tag: hp0021) , Francisella novicida lpxE FN (locus tag: ftn_0416) (Wang et al., 2004) , and Rhizobium leguminosarum lpxE RL (locus tag: rl4708) (Karbarz et al., 2003) in pBAD33.1 (Chung and Raetz, 2010) and transformed the constructs into KHSC0003 (Fig. 3a and b ). Prior to this study, none of LpxE enzymes is known for the dephosphorylating activity of lipid A 1phosphate in the absence of the Kdo 2 unit during LPS biosynthesis. Among the tested KHSC0003/pBAD33.1-lpxEs, KHSC0003/pBAD33.1-lpxE AA and KHSC0003/pBAD33.1-lpxE HP effectively produced MPLA assessed by TLC ( Supplementary Fig. 3a) . 
Characterization of a MPLA production strain, KHSC0003/ pBAD33.1-lpxE AA
In order to characterize strains along with the steps of metabolic engineering, we measured growth curves and calculated doubling times of the strains (Fig. 3c ). As shown in Fig. 3c , pagP and lpxT double knockouts did not affect E. coli growth at 30°C in LB medium compared to that of wild type W3110 (doubling time is about 44 min). However, the growth rate of KHSC0003 having a chromosomal kdtA knockout decreased to about 50% of that of W3110 (Fig. 3c) , with a longer initial lag phase when the strain was cultured in LB medium supplemented with the addition of 1 mM IPTG at time 0 and 12 h. A longer initial lag phase was also observed in the ClearColi strain grown in LB, which lacks Kdo sugar biosynthetic pathway and has a suppressive mutation in msbA gene (Mamat et al., 2008) , resulting in lipid IV A production instead of LPS (https://www.lucigen.com/docs/literature/eLucidations/ ClearColi-Media-App-Note-April-2016.pdf).
Growth rates of KHSC0003/pBAD33.1, KHSC0003/pBAD33.1-lpxE AA , and KHSC0003/ pBAD33.1-lpxE HP (doubling time: 122 ± 16, 144 ± 18, and 149 ± 14 min, respectively, Fig. 3c ) decreased compared to that of KHSC0003 (doubling time: 83 ± 11 min, Fig. 3c ), probably due to the additional plasmid pBAD33.1 and leaky expression of LpxEs. OD 600 values of KHSC0003 were gradually decreased at stationary phase indicating possible cell lysis.
Surprisingly, leaky LpxE AA or LpxE HP expression from pBAD33.1 led to dephosphorylation of the 1-phosphate group from hexa-, penta-, and tetra-acylated lipid A species and resulted in MPLA production, which was confirmed by performing TLC (Fig. 3d, lane 2 and 3 , respectively) along with commercially available GLA (Fig. 3d, lane 4) and MPLAsm (Fig. 3d, lane 5) as standards. Since LpxE AA and LpxE HP produced similar amounts of MPLA in KHSC0003 and had similar growth rates, further characterization of the strain and MPLA production was done using the KHSC0003/pBAD33.1-lpxE AA strain. To analyze the genome sequence of KHSC0003/pBAD33.1-lpxE AA , de novo sequencing was executed and compared to the published W3110 genome (Genbank accession number: AP009048) (Hayashi et al., 2006) , Table 2 ). The identified SNPs and indels were compared to the corresponding sequence of W3110 used for the construction of KHSC0003/pBAD33.1-lpxE AA (Table 2 ). As seen in Table 2 , the KHSC0003/pBAD33.1-lpxE AA strain has only one SNP, which is not originated from the mother strain at location 151,154 based on the nucleotide numbering of AP009048 genome. The C to G change at location 151,154 makes a 149th amino acid mutation of YadK (putative fimbrial-like protein) from glycine to alanine. Considering that the genomic location of yadK is too far to be transduced by P1vir during pagP (located at 656,979-657,539), lpxT (located at 2,272,188-2,272,901), or kdtA (located at 3,830,597-3,831,875) knockout process, this mutation is likely acquired spontaneously.
Evaluate the effects of LpxL, LpxM, and LpxE overexpression on the growth rate and MPLA production of KHSC0003/pBAD33.1-lpxE AA
In order to optimize the strain growth and production of hexaacylated MPLA that is suggested as the most potent adjuvant among MPLA congeners in human (Coler et al., 2011) . We first checked the effect of LpxL and LpxM overexpression on the strain growth and MPLA production profile. In the absence of IPTG, we observed obvious decrease in the growth rate compared to that of the cultures supplemented with 1 mM IPTG at time 0 or time 0 and 12 h after dilution (Fig. 4a) . As a note, while we did not add IPTG at the dilution point, there was IPTG carried over from the seeding culture. In addition, we observed the shift in the major congener composition of the MPLA from hexa-acylated to tetra-acylated MPLA depending on the LpxL and LpxM overexpression (Fig. 4b, lane 2 vs lane 3 and 4) . Even though further experiments should be required to determine the optimum IPTG amounts, no obvious difference was observed in the growth rates ( Fig. 3a) and MPLA composition assessed via TLC analysis (Fig. 4b, lane 3 vs lane 4) between the cultures supplemented with 1 mM IPTG at time 0 or time 0 and 12 h after dilution. Therefore 1 mM IPTG would be sufficient for hexa-acylated MPLA production. In order to increase MPLA formation relative to lipid A species, we overexpressed LpxE with different concentrations of arabinose. Unexpectedly, the culture grown with 1 mM arabinose had a long lagging phase (about 10 h) before starting growth ( Fig. 4c ) and dramatically reduced the amount of MPLA production (Fig. 4d , lane 5) compared to those of the cultures supplemented with 0, 0.01, or 0.1 mM arabinose (Fig. 4d, lane 2, 3, and 4, respectively) . Such a result indicated that overexpression of LpxE with 1 mM arabinose might be toxic to the strain, generating spontaneously mutanted strains, in which LpxE could not function properly. The cultures supplemented with 0, 0.01, or 0.1 mM arabinose showed similar growth rates, and the MPLA production profiles assessed by TLC analysis indicated that leaky expression of LpxE from the pBAD33.1 plasmid is the best growth condition for MPLA production to mitigate the risk of mutants' selection. At this point, it is not clear why the kdtA knockout with overexpression of LpxL and LpxM showed gradual lysis phenotype at the stationary phase (Figs. 3c, 4a and 4c ) and it would be an interesting research topic to understand the outer membrane biogenesis of the final strain to enhance biomass.
Characterization of total lipids and purified MPLA, EcML
Matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) analysis of the total lipids extracted from KHSC0003/pBAD33.1-lpxE AA cells confirmed the presence of hexa-acylated MPLA ([M-H]of hexa-acylated MPLA: calculated = 1716.246 and observed = 1716.305, Supplementary Fig. 4) . Based on the TLC (Fig. 5a, lane 1) and MALDI-TOF ( Supplementary  Fig. 4) data, the KHSC0003/pBAD33.1-lpxE AA total lipid extract contained lipid A (calculated [M-H] -= 1796.212 and observed [M-H] -= 1796.270) (~40-50% of the total LPS species), and MPLA. To allow the MPLA produced by the engineered E. coli strains to be safely used as an adjuvant, we removed lipid A by taking advantage of the negative charge difference between MPLA (mono-phosphorylated species) and lipid A (bis-phosphorylated species). After purification of the MPLA via anion-exchange chromatography (DE52 resin, Biophoretics) (Fig. 5a,  lane 2) , we named the purified MPLA "E. coli-derived monophosphoryl lipid A (EcML)". EcML was purified at a yield of 8-12 mg/1 L of LB and 13-19 mg/g dry cell weight (DCW) ( Table 3 ). The purity and lipid A contamination of EcML were also assessed via TLC with increasing amounts of EcML ( Supplementary Fig. 5 ) and electrospray ionizationmass spectrometry (ESI-MS) ( Fig. 5c and Supplementary Fig. 6 ), both of which showed no lipid A carry-over ( Fig. 5c, red box) . Using the ImageJ program (Schneider et al., 2012) , we determined the purities of EcML, GLA, and MPLAsm as 80-89% (depending on the different batches), 90%, and 88%, respectively based on the TLC images shown in Figs. 3d  and 5a , and Supplementary Fig. 5 . Majority of impurities are phospholipids (Fig. 5a ). Considering that each Cervarix dose contains 50 μg of MPL, about 10 mg of EcML would be sufficient to generate 200 doses. Although EcML contained more of a complex mixture of hexa-, penta-, and tetra-acylated MPLA (Fig. 5a , lane 2) than GLA (Fig. 5a, lane 3) , its composition was simpler than that of MPLAsm (Fig. 5a, lane 4) . To determine the relative distribution of hexa-, penta-, and tetra-acylated MPLA and batch variation of EcML, three different batches of EcML, MPLAsyn (GLA and PHAD-504), and MPLAsm were modified with dinitrobenzyloxyamine hydrochloride (DNBA) according to a previously described procedure (Hagen et al., 1997) and analyzed via high-performance liquid chromatography (HPLC) ( Fig. 5b and Supplementary  Fig. 7 ). Since LpxL EC preferentially transfers a lauroyl group during LPS and MPLA biosynthesis in E. coli (Fig. 2) , the major hexa-acylated EcML (Fig. 5d ) component has the same chemical structure as PHAD-504 ( Fig. 1c, right) , resulting in the same retention time as shown in HPLC profiles (Fig. 5b) . EcML contained about 69.7% ± 3.8% of hexa-, 22.2% ± 3.3% of penta-, and 8.2% ± 0.7% of tetra-acylated MPLA ( Table 3 , the predicted chemical structures of hexa-, penta-, tetra-acylated MPLA are shown in Fig. 5d ). Furthermore, our results demonstrated that the congener compositions of EcML from different batches are fairly consistent (Table 3 and Supplementary Fig. 7) . It is worth noting that the HPLC analyses of MPLAsm from two different vendors, Invivogen and Avanti Polar Lipids, showed large variations in their congener compositions due to uncontrollable aspects of the acid/base hydrolysis process ( Supplementary Fig. 8) , which significantly complicates the MPLAsm quality control. Accordingly, the simplicity and low batch-to-batch variations in congener composition intrinsic to our EcML preparation method offer particular advantages for its use in chemistry, manufacturing, and controls for clinical trials or marketing applications.
EcML effectively enhances antigen-specific antibody formation in mice model
After characterization of the prepared EcML, we determined its adjuvanticity. Aqueous formulations of EcML, along with MPLAsm and GLA as positive controls, were produced according to a published procedure (Orr et al., 2013) . As shown in Fig. 6 , EcML potentiated antigen-specific IgG, IgG1, and IgG2a production to a similar extent as the positive controls in BALB/c mice when ovalbumin was used as an antigen. Taken together, these results strongly suggest that the adjuvanticity of EcML purified from the engineered E. coli strain is equal to those of commercially available GLA and MPLAsm for antigen-specific antibody formation after vaccination.
Conclusion
Over the course of the rapid growth of the vaccine and immunotherapy markets, MPLA has played pivotal roles in the development of vaccines and immunotherapy for allergies, cancer, and Alzheimer's disease. However, the production methods for GLA and MPLAsm suffer from complexity in synthetic steps and quality control, respectively, and the production costs are high for both methods. The MPLA-producing E. coli strain would be a succinct, cost-effective, and sustainable resource to meet the increasing demand of MPLA not only as an adjuvant but also as emerging therapeutic options for humans and animals. Fig. 6 . Evaluation of antigen (ovalbumin, OVA)-specific antibody responses show that EcML has equal adjuvanticity to those of GLA and MPLAsm (Invivogen). Total IgG, IgG1, and IgG2a antibody titers measured 14 days after the second immunization with PBS only, OVA only, EcML only, OVA together with GLA, OVA together with EcML, or OVA together with MPLAsm. (a) Total IgG endpoint titers, (b) IgG1 endpoint titers, and (c) IgG2a endpoint titers. Data are presented as mean ± S.D. (n = 7; ****p < 0.0001; two-tailed unpaired student t-test). The lowest antibody titer was arbitrarily determined as 2 6 , as the first sample tested was a 2 7 dilution of the serum. Error bars represent the standard deviations.
